Farnesyl transferase (FT) inhibitors (FTI) are anticancer agents developed to target oncogenic Ras proteins by inhibiting Ras farnesylation. FTIs potently synergize with paclitaxel and other microtubule-stabilizing drugs; however, the mechanistic basis underlying this synergistic interaction remains elusive. Here we show that the FTI lonafarnib affects the microtubule cytoskeleton resulting in microtubule bundle formation, increased microtubule stabilization and acetylation, and suppression of microtubule dynamics. Notably, treatment with the combination of low doses of lonafarnib with paclitaxel markedly enhanced tubulin acetylation (a marker of microtubule stability) as compared with either drug alone. This synergistic effect correlated with FT inhibition and was accompanied by a synergistic increase in mitotic arrest and cell death. Mechanistically, we show that the combination of lonafarnib and paclitaxel inhibits the in vitro deacetylating activity of the only known tubulin deacetylase, histone deacetylase 6 (HDAC6). In addition, the lonafarnib/taxane combination is synergistic only in cells lines expressing the wild-type HDAC6, but not a catalytic-mutant HDAC6, revealing that functional HDAC6 is required for the synergy of lonafarnib with taxanes. Furthermore, tubacin, a specific HDAC6 inhibitor, synergistically enhanced tubulin acetylation in combination with paclitaxel, similar to the combination of lonafarnib and paclitaxel. Taken together, these data suggest a relationship between FT inhibition, HDAC6 function, and cell death, providing insight into the putative molecular basis of the lonafarnib/taxane synergistic antiproliferative combination. (Cancer Res 2005; 65(9): 3883-93) 
Introduction
Farnesyl transferase (FT) inhibitors (FTI) are a novel class of antineoplastic agents that have high antitumor activity and are currently in clinical trials (1) (2) (3) . These agents inhibit the FT enzyme, which posttranslationally modifies proteins by the addition of a 15-carbon farnesyl group. The initial driving force behind FTI development was based on the finding that oncogenic Ras, a low molecular weight GTPase, induces malignant transformation upon addition of a farnesyl group to its COOH terminus by the FTase. This in turn allows it to localize to the plasma membrane and acts as a relay switch by transducing biological information from extracellular signals to the nucleus ( for review see ref. 4) .
Because Ras farnesylation is required for Ras membrane localization, FTase became an attractive target for new anticancer agents (5) (6) (7) . Furthermore, based on the finding that oncogenic Ras mutations are found in 30% of all human cancers (8, 9) , it was hypothesized that tumor growth could be inhibited by preventing Ras farnesylation. Thus, FTIs were developed as targeted agents against Ras and were shown to inhibit Ras function (10) as well as possess potent antitumor activity in multiple cancer cell lines and animal models. Despite the initial hypothesis that FTIs inhibit tumor growth by inhibiting Ras farnesylation, it was later shown that FTIs show antitumor activity independent of Ras status (11) (12) (13) , suggesting that the mechanism of FTI activity extends beyond the inhibition of Ras farnesylation (14) .
To probe the molecular mechanisms of FTI action, some previous works have focused on the relationship between FTIs and microtubule-targeting agents. Microtubules are dynamic polymers composed of a-and h-tubulin subunits that elongate and shorten. In the cell, they function in a variety of processes including cell division, cell signaling, and intracellular trafficking (reviewed in ref. 15) . Because microtubules are essential components of the cell division machinery, they are attractive and validated targets for anticancer therapy (16, 17) as evidenced by the clinical success of microtubule-targeting drugs such as taxanes (18) (19) (20) . More recently, epothilones, a new class of microtubuletargeting drugs, are in clinical development and show very positive preliminary results (21) . Notably, FTIs in combination with paclitaxel or epotholines act synergistically to inhibit cell growth in numerous human cancer cell lines and xenograft models (14, (22) (23) (24) . In addition, a combination clinical study of the FTI lonafarnib (SCH66336 or sarasar) with paclitaxel yielded impressive preliminary results, with partial responses in 8 of 20 evaluable patients, including patients whose disease had previously progressed while on taxanes alone (25) . Despite these promising results, the molecular mechanism of the synergistic interaction of FTIs with taxanes is unknown.
The synergy between taxanes and FTIs suggests that there may be a link between microtubules and the mechanism of FTI action. This is further supported by studies showing that FTI-2153 inhibited normal bipolar microtubule spindle formation, suggesting that spindle microtubules may have been affected by this treatment (26) (27) (28) . These FTI-treated cells were arrested in early mitosis and this effect was independent of p53 and Ras status. Nevertheless, the effects of FTI treatment on interphase microtubules have not been examined.
Here we investigated the effects of lonafarnib (29) on interphase microtubules in lung and breast cancer cells. Our results show that exposure to lonafarnib resulted in microtubule bundle formation, stabilized interphase microtubules, and suppressed microtubule dynamics. Moreover, we show that the combination of lonafarnib and paclitaxel for 16 hours synergistically enhanced tubulin acetylation, mitotic arrest, and cell death; furthermore, this effect correlated with FT inhibition. In addition, the combination of lonafarnib and paclitaxel inhibits the deacetylating activity of histone deacetylase 6 (HDAC6) in vitro, whereas either drug alone does not. Importantly, we show that the lonafarnib/taxane combination is synergistic only in cells lines expressing the wildtype HDAC6, but not a catalytic-mutant HDAC6, revealing that functional HDAC6 is required for the synergy of lonafarnib with taxanes. Taken together, these data suggest a relationship between FT inhibition, HDAC6 function, enhanced tubulin acetylation, and cell death, providing a putative molecular basis for the lonafarnib/ taxane antiproliferative combination.
Materials and Methods
Cell culture. The human non-small cell lung cancer cell lines A549 and H1299 were maintained in RPMI 1640 supplemented with 5% FCS, nonessential amino acids, and 0.1% penicillin/streptomycin at 37jC in 5% CO 2 . Live cell microscopy was done with MCF-7 breast cancer cells stably transfected with green fluorescent protein (GFP):a-tubulin and maintained in DMEM supplemented with 5% FCS, nonessential amino acids, and 0.1% penicillin/streptomycin.. All lines were cultured at 37jC in a humidified atmosphere with 5% CO 2 . NIH-3T3 cells expressing various HDAC6 constructs were previously generated (30) and were cultured in DMEM medium under the same conditions.
Immunofluorescence analysis. Immunofluorescence microscopy was done as previously described (31) . Cells were fixed in PHEMO buffer (68 mmol/L PIPES, 25 mmol/L HEPES, 15 mmol/L EGTA, 3 mmol/L MgCl 2 , 10% DMSO) with 3.7% formaldehyde, 0.05% glutaraldehyde, and 0.5% Triton X-100. Cells were washed in PBS thrice for 5 minutes then blocked in 10% goat serum for 15 minutes. The following primary antibodies were used: a-tubulin (Chemicon International, Temecula, CA; 1:500 dilution) and acetylated tubulin (Sigma, St. Louis, MO; 1:1,000 dilution) with incubation time of 1 hour. The secondary antibodies used were Alexa 563-conjugated goat anti-rat immunoglobulin G (IgG; 1:500) and Alexa 488-conjugated goat anti-mouse IgG antibody (1:500), both from Molecular Probes (Eugene, OR). Cells were imaged using a Zeiss LSM 510 Meta (Thornwood, NY) confocal microscope using a either a 63Â [numerical aperture (NA) = 1.4] or 100Â (NA = 1.4) Apochromat objective. To stain DNA for mitotic cell counting, we fixed cells as described above, and added Sytox Green (Molecular Probes) to the Gel Mount mounting media (Biomeda Corp., Foster City, CA). All images were acquired using Zeiss LSM 510 software and processed in Adobe Photoshop 7.0.
Cell tubulin polymerization assay. Quantitative drug-induced tubulin polymerization was done as previously described (32, 33) . The percent pellet (%P) is calculated as the amount of polymerized tubulin (P) over the total amount of polymerized and soluble tubulin (P + S) times 100 {%P = [P / (P + S)] Â 100} based on densitometric analysis.
Electron microscopy. A549 cells were seeded on Thermanox coverslips (Electron Microscopy Sciences, Hatfield, PA) in 24-well plates and grown overnight to 60% confluency. Cells were then treated with 10 Amol/L lonafarnib for 48 hours and fixed using a protocol described in Vanier et al. (34) . Cells were then fixed in 2% glutaraldehyde for 4 hours at room temperature, rinsed in distilled water twice, postfixed in 1% OsO 4 in 0.1 mol/L sodium cacodylate buffer (pH 7.4) at 4 jC for 1 hour, and finally rinsed in distilled water as above. Samples were then dehydrated through an ethanol series (30%, 50%, 60%, 80%, 90%, 100%) followed by two changes of propylene oxide (10 minutes each). Then samples were infiltrated with Embed 812 (Electron Microscopy Science) for 3 days according to the instructions of the manufacturer. Each block was cut at 1 Â 1 mm using a diamond knife and RMC MT-7000 ultramicrotome, and thin sections were made and collected onto 200 mesh copper grids. Grids were poststained with 10% uranyl acetate in distilled water and then 2% lead citrate in distilled water for 20 minutes in each treatment.
Flow cytometry analysis. To determine acetylated tubulin levels, cells were plated and on the following day treated with different concentrations of the drugs for 16 hours. After drug treatment, cells were fixed with PHEMO buffer for 10 minutes as previously described (31) and stained with an antibody against acetylated tubulin (Sigma; 1:500) followed by secondary Alexa 488-conjugated goat anti-mouse IgG antibody (1:500). Finally, cells were scraped into 1 mL of PBS, and flow cytometry analysis was done on a Becton Dickinson flow cytometer.
For cell cycle analysis, cells were scraped from plates, centrifuged at 1,000 rpm for 5 minutes, and propidium iodide buffer containing 0.1 mg/mL propidium iodide and NP40 (0.6%) in water was used to resuspend cells. Cell were incubated in this buffer for 30 minutes at room temperature in the dark, then passed through a filter to remove cell clumps, and finally read in a Becton Dickinson flow cytometer.
Microtubule dynamics assays. Experiments were done using a MCF-7 breast cancer cell line stably expressing a GFP-a-tubulin microtubule reporter protein (kind gift of Dr. Mary Ann Jordan). Cells were plated and analyzed as previously described (35) . Images were taken using a Hamamatsu Orca ER camera (Middlesex, NJ) every 4 seconds for 2 minutes (250-400 seconds of exposure) on a Zeiss Axiovert epifluorescence microscope equipped with 100Â Apochromat (NA = 1.4) oil lens and adjustable mercury arc lamp (set at 100% intensity). A stage heater as well as Zeiss heating chamber was used to maintain the temperature at 37 F 0.5jC. Microtubules ends at the lamellar edge of interphase cells were imaged and subsequently tracked using the ''track points'' feature on Metamorph image analysis software (Universal Imaging, Downingtown, PA). The coordinates generated from this tracking feature were used to determine the distance individual microtubule ends changed from a fixed point. These values were transferred to a Microsoft Excel spreadsheet and used to generate life history plots of individual microtubules. From these graphs, the various variables shown in Table 1 were calculated. All P values were calculated using the Student's t test.
Microtubule dynamicity is defined as the total length grown and shortened during the life (measured in minutes) of an individual microtubule. A catastrophe is defined as a transition into microtubule shortening whereas a rescue is a transition from shortening to growth or pause. To calculate catastrophe frequency per unit time or per unit length, the number of catastrophes was divided by the total time in growth and pause or the total distance grown, respectively. Conversely, the rescue frequency was calculated by dividing the number of rescues by the total time spent shortening or distance shortened.
In vitro acetylated tubulin assay. A549 cells were transiently transfected with Flag-tagged pBJ5-HDAC6 expression plasmids using FuGene (Roche, Basel, Switzerland) following the guidelines of the manufacturer. Untransfected cells or cells transfected with an empty vector were used as controls. In Fig. 5A , we used NIH-3T3 cells stably expressing FLAG-tagged HDAC6-wt and HDAC6-mt proteins and therefore cells did not have to be transfected. Cell lysates were prepared 48 hours after transfection and then immunoprecipitated with anti-Flag M2 agarose beads (Sigma). Tubulin acetylation assays were done by incubating the immunoprecipitates with preformed mitogen-activated protein-stabilized microtubules at 37jC, along with the appropriate drug, for 2 hours as described previously (30) . Reactions were then placed on ice for 15 minutes and centrifuged briefly at 14,000 rpm to separate the supernatant from the agarose beads. The supernatant was analyzed by Western blotting with antibodies against acetylated a-tubulin and against a-tubulin (as described below) and the beads were analyzed with an antibody against Flag M2 (Sigma; 1:1,000).
Western blotting. Cells were plated in six-well plates at 50% confluency and treated the next day with the appropriate drug and time interval. Cells were lysed, centrifuged at 15,000 rpm for 15 minutes, and electrophoresed on a 7.5% SDS-PAGE gel (bicinchoninic acid assay was used to determine protein concentration in a spectrophotometer). Proteins were transferred to a polyvinylidene difluoride membrane (100 V for 1 hour) using a Bio-Rad transfer apparatus and blotted with antibodies against acetylated tubulin (Sigma; 1:1,000), total tubulin (Sigma DM1a; 1:1,000), HDJ-2, acetylated histone 3 (Cell Signaling, Beverly, MA; 1:1,000), actin, and HDAC6 (Cell Signaling; 1:1,000).
Cell survival and synergy assays (combination index analysis). Cells were plated in a 96-well plate at 2,000 cells/well and allowed to attach overnight. Cells were then treated with serial dilutions (1:3) of either lonafarnib alone, paclitaxel alone, or the combination of lonafarnib and paclitaxel for 72 hours. Cell were then fixed with 10% trichloroacetic acid for 30 minutes, washed thrice with water, dried, and stained with 0.4% sulfurhodamine B (protein stain) for 30 minutes. Cells were then washed with 0.1% acetic acid, air dried, and the bound sulfurhodamine B was dissolved with 10 mmol/L unbuffered Tris-base (pH 10.5). The plates were read in a microplate reader (A 564 ) and synergy was determined using CalcuSyn software, which calculates the combination index based on the percent cell survival at varying doses of the drug treatments, both alone and in combination. A combination index greater than 1 indicates antagonism, equal to 1 is additivity, and less than 1 is synergism.
Results
Lonafarnib treatment alters microtubule structure. To examine the effects of lonafarnib on interphase microtubules, we performed live cell microtubule imaging using MCF-7 breast cancer cells stably expressing GFP:a-tubulin. This cell line allows for the visualization of microtubules in living cells and eliminates the possibility of artifacts associated with fixed tissue analyses. Cells were treated for 48 hours with 5 and 10 Amol/L lonafarnib (mean 72-hour IC 50 of lonafarnib was 8 Amol/L in seven cancer cell lines tested; data not shown) and microtubules were observed using livecell epifluorescence microscopy ( Fig. 1A) . Nearly all untreated control cells observed had an extensive, fine, and organized microtubule network. In contrast, lonafarnib treatment led to a dose-dependent increase in microtubule bundling compared with control cells (P < 0.05; Fig. 1B ). Treatment with 5 and 10 Amol/L lonafarnib led to nearly 10% and 25% of cells harboring extensive microtubule bundling, respectively. Similar microtubule bundles were observed in nearly 60% of cells treated with paclitaxel, whereas cells treated under the same condition with the nonmicrotubule targeting, DNA-intercalating agent Adriamycin had identical microtubule morphologies as control cells.
To examine whether these effects were cell line specific, we performed immunofluorescence microscopy with an anti a-tubulin antibody on A549 and H1299 human lung cancer cells treated with lonafarnib. Representative data from this experiment are shown in Supplementary Fig. S1 -A depicting a dose-dependent increase in microtubule bundling following lonafarnib treatment for 48 hours.
Lonafarnib treatment increases tubulin acetylation and microtubule stability. The appearance of microtubule bundles after lonafarnib treatment in A549, H1299, and MCF-7 cells raises the possibility that lonafarnib can affect microtubule stability in a manner similar to paclitaxel. To validate this hypothesis, indirect immunofluorescence using an antibody against acetylated atubulin was done. Acetylation of a-tubulin at lysine 40 is an established marker of microtubule stability (36) . Thus, the amount of acetylated tubulin is thought to be proportional to the stability of the microtubule. As shown in Fig. 1C , lonafarnib treatment for 48 hours resulted in a marked dose-dependent increase in acetylated a-tubulin, in contrast to the low basal levels of acetylated tubulin in untreated cells. This effect was similar to paclitaxel-induced tubulin acetylation, suggesting that lonafarnib may also affect microtubule stability similar to paclitaxel.
To further probe the effects of lonafarnib treatment on microtubule stabilization, a cell-based tubulin polymerization assay was done (32, 33) . This quantitative tubulin polymerization assay is based on the fact that drug-stabilized microtubule polymers remain detergent insoluble when extracted in a hypotonic buffer and, therefore, remain in the pellet after centrifugation. Conversely, the pool of soluble tubulin dimers remains in the supernatant. Lonafarnib treatment resulted in a dose-dependent increase in tubulin polymerization, as shown by the increase in the percentage of tubulin found in the pellet fraction, as compared with untreated control cells (Fig. 1D) . Specifically, untreated cells contain almost no stabilized tubulin (0% tubulin in the pellet) under our experimental conditions, whereas lonafarnib treatment (5-20 Amol/L) led to a dose-dependent increase in tubulin polymerization (25-60% of total tubulin in the pellet fraction). Similarly, treatment with 5 nmol/L paclitaxel resulted in about 80% tubulin polymerization. The same blot was reprobed with an antibody against acetylated a-tubulin. A similar dose-dependent increase in acetylated a-tubulin in the pellet was observed on lonafarnib treatment and this shift of acetylatedtubulin towards the polymerized fraction was greater than total tubulin. Thus, the majority of tubulin polymers in the pellet fraction represent stabilized acetylated microtubules rather than random microtubules trapped in this fraction. Transmission electron microscopy confirms microtubule bundles in lonafarnib-treated cells. To obtain high-resolution analysis of lonafarnib-induced changes of the microtubule architecture, we did transmission electron microscopy (34) . In contrast to control cells, which had individual microtubules throughout the cell cytoplasm, lonafarnib treatment induced the formation of microtubule bundles, similar to the bundles observed with paclitaxel ( Supplementary Fig. S2-B) . Interestingly, lonafarnib treatment mainly led to the formation of loose microtubule clusters that were longer in length but not as tightly packed as paclitaxel-induced microtubule bundles, suggesting that lonafarnib-induced bundles may differ morphologically from paclitaxelinduced bundles ( Supplementary Fig. S2-B, insets) .
Lonafarnib suppresses microtubule dynamics in MCF-7 cells. Drugs that target microtubules potently suppress microtubule dynamics at relatively low concentrations (16, 34) and this function is essential for their activity. Our results show lonafarnib targets cellular microtubules; therefore, we investigated whether lonafarnib also affects microtubule dynamics, similar to other microtubule-targeting drugs. To test this hypothesis, we measured microtubule dynamics in living MCF7-GFP:tubulin breast cancer cells using live-cell fluorescence microscopy. Time-lapse sequences of microtubule movements were generated from untreated and lonafarnib-treated cells. Representative time frames show microtubule growth (white arrows), shortening (black arrows), and pause (white dashed arrows) in untreated control cells (Fig. 2A) . To quantitate the effects of lonafarnib on microtubule dynamics, we tracked microtubule movements in cells treated with 10 Amol/L lonafarnib and untreated control cells. Individual microtubule life history plots, depicting changes in microtubule length over time, were generated (Fig. 2B ).
From these life history plots various variables of microtubule dynamics were measured, comparing the dynamicity of microtubules in control cells and lonafarnib-treated cells (Table 1) . These data show that there is a significant difference (P < 0.05) in the mean rate (Am/min) of microtubule growth and shortening with a decrease of 31% and 41%, respectively, when lonafarnibtreated cells (10 Amol/L for 48 hours) are compared with control cells. Consequently, mean growth and shortening length (Am) also decreased by 34% and 42%, respectively. When the percentage of total time that microtubules spent in growth, shortening, and pause states was determined, the growth time dropped from 30% to 17%, shortening time from 17% to 8.8%, and paused time increased from 53% to 74.2%; whereas the rescue and catastrophe frequencies per micrometer increased 31% and 12%, respectively (see Materials and Methods for definition). The overall dynamicity of microtubules, which represents the total tubulin length change per minute after lonafarnib (10 Amol/L) treatment, decreased by 63%. At 20 Amol/L lonafarnib, microtubules were almost completely stabilized and most cells had few, if any, dynamic microtubules.
Combination of lonafarnib with paclitaxel synergistically increases acetylated tubulin, mitotic arrest, and cell death. FTIs have been shown to synergize with microtubule stabilizing drugs in numerous preclinical models as well as in a phase I clinical trial (25) . These observations were confirmed in our laboratory by performing combination index analysis assays of 10 different human cancer cell lines treated with paclitaxel and lonafarnib. These assays revealed a marked synergy (combination index = 0.2-0.7) between the two drugs (data not shown) and is consistent with previous findings. Our results, together with the reported literature, prompted us to hypothesize that the synergy of lonafarnib with taxanes may in part be due to their combined effects on cellular microtubule acetylation and stability. To test this hypothesis, we quantitated acetylated tubulin levels using flow cytometry in cells treated for 16 hours (unlike the 48-hour treatment in Fig. 1B ) with lonafarnib and paclitaxel, both alone and in combination. As shown in Fig. 4A , there was not a significant difference in acetylated tubulin levels between control untreated cells and cells treated for only 16 hours with lonafarnib (1, 5, and 10 Amol/L) or paclitaxel (2, 5, and 10 nmol/L) alone. In contrast, the combination of 1, 5, and 10 Amol/L lonafarnib with as low as 2 nmol/L paclitaxel resulted in a marked increase of acetylated tubulin similar to that observed with 100 nmol/L of paclitaxel alone (Fig. 3A) . Notably, non-microtubule-targeting chemotherapy drugs, such as Adriamycin (DNA-intercalating antibiotic) and U89 (antimetabolite), had no effect on acetylated tubulin levels, whereas the microtubule-destabilizing drug vincristine led to a slight decrease of acetylated tubulin levels compared with untreated cells (Fig. 3A) .
To further explore the synergistic combination of lonafarnib with paclitaxel, immunofluorescence analysis of acetylated tubulin at two different time points was done (Fig. 3B) . This analysis confirmed the marked increase in acetylated tubulin levels after 16 hours when low doses of lonafarnib (at 0.5, 1, and 5 Amol/L) were combined with low doses of 2 nmol/L paclitaxel. At 32 hours of treatment, similar effects on acetylated tubulin were observed, suggesting that this effect is maintained for at least 32 hours.
Because tubulin acetylation is associated with microtubule stability, we examined whether the increased levels of acetylated tubulin observed with the combination of lonafarnib and paclitaxel resulted in increased mitotic arrest and cell death. Flow cytometry analysis of DNA content revealed that the combination of lonafarnib and paclitaxel led to a synergistic increase in G 2 -M arrest as compared with each drug alone (Fig. 3C) . Specifically, 16-hour treatment with as low as 0.5 Amol/ L lonafarnib + 2 nmol/L paclitaxel resulted in a dramatic increase in G 2 -M arrested cells as compared with untreated cells or cells treated with each drug alone. Longer treatment (32 hours) with the same drug combinations resulted in a dose-dependent increase in apoptotic cell death that is likely due to cells previously arrested in mitosis becoming apoptotic (Fig. 3C) . The percentage of apoptotic cells in the combination treatments was similar to that achieved with paclitaxel at 100 nmol/L, whereas either drug alone at low dose produced minimal apoptotic cells. Overall, these results show that the lonafarnib/paclitaxel-mediated increase in tubulin acetylation correlates with a synergistic increase in mitotic arrest and cell death.
The synergistic increase in tubulin acetylation correlates with farnesyl transferase inhibition. Because lonafarnib inhibits the FT enzyme, we wanted to determine if the increase in tubulin acetylation observed with the combination of lonafarnib and paclitaxel correlates with FT inhibition in cells. If so, it would suggest that the observed increase in tubulin acetylation may be a consequence of FTase inhibition. To do this, HDJ-2 was used as a readout for FT inhibition, since FTI treatment inhibits HDJ-2 farnesylation resulting in the appearance of a slowermigrating non-farnesylated HDJ-2 form. As shown in Fig. 4A, 1 Amol/L lonafarnib alone and in combination with paclitaxel inhibited HDJ-2 farnesylation in a time-dependent manner, as assessed by the increase of the non-farnesylated (upper band) and concomitant decrease of the farnesylated HDJ-2 band (lower band). As expected, paclitaxel alone had no effect on HDJ-2 farnesylation. When the same blots were reprobed for acetylated a-tubulin, we observed a correlation between inhibition of HDJ-2 farnesylation and tubulin acetylation beginning at 3 hours of treatment with the lonafarnib/paclitaxel combination. In contrast, minimal effect on tubulin acetylation was observed with either drug alone. Taken together, these results show a positive temporal correlation between FT inhibition and tubulin acetylation when lonafarnib and paclitaxel are combined.
Next, we wanted to determine if there is also a correlation between tubulin acetylation and mitotic arrest. Therefore, in parallel with the time course experiment described above, we quantitated the percentage of cells in mitosis after treatment with the combination of lonafarnib and paclitaxel. This result is represented in Fig. 4B showing that there is about a 3-hour delay between the increase in microtubule acetylation (starting at 3 hours) and the first indication of mitotic arrest (at 6 hours). Furthermore, the percentage of cells in mitosis increased with Lonafarnib and Paclitaxel Enhance Tubulin Acetylation www.aacrjournals.org longer exposures to the combination of the two drugs, peaking at 12 hours of treatment. Overall, this result shows that when lonafarnib and paclitaxel are combined, microtubule acetylation occurs before mitotic arrest and suggests that there is a correlation between tubulin acetylation/stability and mitotic arrest.
Lonafarnib in combination with paclitaxel inhibits the tubulin deacetylating activity of histone deacetylase 6. Our observation that lonafarnib and paclitaxel synergistically enhance tubulin acetylation (Fig. 3) prompted us to explore the possibility that this effect is due to the functional inhibition of the only known tubulin-specific deacetylase (30), HDAC6. To determine the effect of lonafarnib on HDAC6 function, we transfected A549 cells with FLAG-tagged HDAC6 (wild-type or catalytic subunit mutant) and these proteins were immunoprecipitated with an anti-FLAG antibody (see Materials and Methods). The tubulin deacetylase activity of HDAC6 in the presence of lonafarnib and paclitaxel was assayed in vitro by coincubating the immunoprecipitants with purified bovine brain microtubule protein. Western blot analyses of acetylated tubulin levels were used as a read-out for HDAC6 activity (Fig. 5A) , such that HDAC6 functionality is evidenced by tubulin deacetylation. As a positive control, we used trichostatin A, which inhibits the function of all histone deacetylases including HDAC6. As expected, bovine brain tubulin is heavily acetylated (lane 1) and coincubation with wt-HDAC6 almost completely deacetylated tubulin (lane 3). In contrast, coincubation with the catalytically inactive mutant HDAC6 had no effect on tubulin acetylation (last lane). The addition of lonafarnib or paclitaxel alone to the purified wild-type HDAC6-tubulin complex had no effect on HDAC6 activity because tubulin was heavily deacetylated, indicating normal HDAC6 activity. In contrast, when lonafarnib (variable doses) and paclitaxel (kept constant at 10 Amol/L) were combined in vitro, there was a dose-dependent increase of tubulin acetylation, suggesting that the combination of these agents inhibits tubulin deacetylating HDAC6 activity. Paclitaxel alone Figure 5 . The synergistic combination of lonafarnib and taxane prevents HDAC6 tubulin deacetylation in vitro and is dependent on HDAC6 functionality. A, representative Western blots of acetylated a-tubulin, total tubulin, and Flag, following immunoprecipitation (IP) from A549 cells transfected with either Flag-HDAC6-WT or Flag-HDAC6-mut. Before Western blotting the Flag-IP complexes were incubated in vitro with preassembled purified bovine brain microtubule protein in the presence of various drugs to determine the tubulin deacetylase activity of HDAC6 (left-hand blot ). B, Western blotting of acetylated tubulin after treatment with tubacin, a specific HDAC6 inhibitor, both alone and in combination with paclitaxel. Trichostatin A (TSA ) was used as additional positive control for pan-HDAC inhibition. As a control for total tubulin levels, blots were reprobed for a-tubulin. C, immunofluorescence analyses of acetylated tubulin in NIH-3T3 cells stably expressing either HDAC6-wt or HDAC-mut, following 16-hour drug treatments as indicated. D , assessment of synergy between lonafarnib and docetaxel in HDAC6-wt and HDAC6-mut using combination index analysis. The lonafarnib/docetaxel combination is synergistic in HDAC6-wt (combination index < 1) but is antagonistic in HDAC6-mt cells (combination index > 1). Bars, SD. E, representative Western blots of acetylated a-tubulin, total tubulin, and HDAC6 following immunoprecipitation (IP) from NIH-3T3 cells stably expressing Flag-HDAC6-WT. Before Western blotting the Flag-IP complexes were incubated in vitro with preassembled purified bovine brain microtubule protein in the presence of various drugs to determine the tubulin deacetylase activity of HDAC6. The in vitro effects of trichostatin A (pan-HDAC inhibitor), lonafarnib, and docetaxel (DTX ) on acetylated a-tubulin are shown.
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Since our results suggest that the combination of lonafarnib and paclitaxel synergistically inhibits HDAC6 function, we wanted to determine if these drugs also affect the function of other histone deacetylases. Thus, we treated A549 cells with lonafarnib, alone and in combination with paclitaxel, for 16 hours and probed for acetylated histone 3. Trichostatin A (a pan-HDAC inhibitor) was included as a positive control. As expected, treatment with trichostatin A resulted in increased levels of acetylated histone 3. In contrast, no effect on acetylated histone 3 was observed with lonafarnib treatment either alone or in combination with paclitaxel ( Supplementary Fig. S2 ), suggesting that lonafarnib and/or paclitaxel does not affect the function of other histone deacetylases.
To probe the importance of HDAC6 inhibition in the mechanism of synergy between lonafarnib and paclitaxel, we combined a specific HDAC6 inhibitor, tubacin, with paclitaxel. This experiment allows us to determine whether the combination of a specific HDAC6 inhibitor with paclitaxel leads to a synergistic increase in tubulin acetylation, similar to the lonafarnib/paclitaxel combination. Western blot analysis of A549 cells treated with the combination of tubacin and paclitaxel at low doses (beginning at 0.3 Amol/L tubacin and 1 nmol/L paclitaxel) led to a synergistic increase in acetylated tubulin, as compared with either drug alone (Fig. 5B) . These findings were confirmed with acetylated tubulin immunofluorescence (data not shown). Thus, specific inhibition of HDAC6 (e.g., with tubacin) in combination with paclitaxel leads to a synergistic increase in acetylated tubulin, further suggesting that the lonafarnib/paclitaxel inhibition of HDAC6 activity provides a mechanistic basis for the enhanced tubulin acetylation. Furthermore, the addition of 3 and 10 Amol/L tubacin (IC 50 > 1 mmol/L) to paclitaxel (IC 50 7.7 F 1.7 Amol/L) decreased the IC 50 of paclitaxel, 20.8% and 31.5%, respectively (Supplementary Table S1 ). Similar results were also observed when tubacin was combined with docetaxel (Supplementary Table S1 ), suggesting that although tubacin as a single agent is not cytotoxic, its affect on tubulin acetylation can enhance the cytotoxicity of paclitaxel.
To further explore the functional importance of HDAC6 in the synergy between lonafarnib and paclitaxel, we tested this drug combination in a pair of cell lines engineered to stably express either wild-type HDAC6 (HDAC6-wt) or a catalytic mutant HDAC6 (HDAC6-mut). These cells lines will allow us to determine if a functional HDAC6 protein is required for the observed effects on acetylated tubulin. In agreement with previously published data (30), HDAC6-wt cells had lower baseline levels of acetylated tubulin relative to HDAC6-mut cells, consistent with the presence of a functional versus a nonfunctional HDAC6 (Fig. 5C,  untreated) . Upon treatment with the lonafarnib/paclitaxel combination, there was a synergistic increase in acetylated tubulin in HDAC6-wt cells as expected; however, the lonafarnib/paclitaxel combination had no effect on tubulin acetylation in the HDAC6-mut cells. These results indicate that the synergistic increase in acetylated tubulin induced by the lonafarnib/paclitaxel combination is dependent on the presence of a functional HDAC6.
Next, we wanted to determine if functional HDAC6 is required not only for the synergistic increase in acetylated tubulin with the lonafarnib/taxane combination (Fig. 5C ) but also for the synergistic antiproliferative activity of the drugs. Thus, we did cytotoxicity assays employing the routinely used combination index analysis to assess synergy between the two drugs against cells with HDAC6-wt and HDAC6-mut genetic background. Our results show that the combination of lonafarnib with docetaxel resulted in a robust synergistic antiproliferative effect in HDAC6-wt cells (mean combination index = 0.4, indicating strong synergy; Fig. 5D ). In stark contrast, the combination of lonafarnib and docetaxel was antagonistic in the HDAC6-mut cells (mean combination index = 2.5), suggesting that the lack of functional HDAC6 in these cells not only precludes increased levels of acetylated tubulin with this drug combination but also abolishes their antiproliferative synergy. To confirm that the combination of docetaxel with lonafarnib inhibits the tubulin deacetylase activity of HDAC6 in vitro, similar to our previous results with paclitaxel (Fig. 5A) , we used cells stably expressing wild-type HDAC6 to immunoprecipitate HDAC6, and performed an in vitro tubulin deacetylase assay. Our data show that the combination of 10 Amol/L lonafarnib with 10 Amol/L docetaxel resulted in a synergistic inhibition of HDAC6 function, as evidenced by the appearance of acetylated tubulin, whereas either drug alone had no effect on HDAC6 functionality (Fig. 5E ). Collectively, these data provide a mechanistic link between HDAC6 inhibition, tubulin acetylation, and the synergistic interaction of these drugs.
Discussion
Analyzing the effects of lonafarnib as a single agent on microtubules. The FTIs were developed as targeted therapies against cancers with oncogenic Ras mutations, however, FTIs were shown to retain their activity independently of Ras status (11-13). Here we examined the effects of the FTI lonafarnib on interphase microtubules in human cancer cells. Our results show that prolonged exposure (48 hours) to lonafarnib alone leads to microtubule stabilization as evidenced by increased tubulin acetylation, suppression of microtubule dynamics, and bundle formation ( Figs. 1 and 2 ; Table 1 ). Because tubulin acetylation is an established marker of microtubule stability (36), we believe that the lonafarnib-induced microtubule stabilization may contribute to its antiproliferative effects, similar to taxanes and epothilones. However, it is important to note that the microtubule-stabilizing capacity of lonafarnib is weak relative to other established microtubule stabilizing agents, which stabilize microtubules at low nanomolar concentrations. This suggests that the mechanism by which lonafarnib induces microtubule stabilization may differ from traditional microtubule-stabilizing agents (e.g., taxanes). Further supporting this hypothesis is our electron microscopy analysis ( Supplementary Fig. S1-B) , which shows that lonafarnib-induced microtubule bundles are longer and not as tightly clustered as paclitaxel-induced bundles, suggesting that their differing morphologies may stem from alternative mechanisms of bundle formation. Thus, we propose that lonafarnib is a microtubule-stabilizing agent; however, its mechanism of microtubule stabilization likely differs from that of established microtubule-stabilizing agents.
Microtubule acetylation and the mechanism of synergy between lonafarnib and taxanes. Previous reports have shown that FTIs synergize with taxanes and epothilones in a variety of human cancer cell lines in vitro and in vivo (22, 24) ; however, the mechanism underlying this synergy is unknown. Our results show that the combination of low doses of lonafarnib (beginning at 0.5 Amol/L) and paclitaxel (2 nmol/L) resulted in a dramatic increase in tubulin acetylation (Fig. 3A-C ) compared with untreated cells or each drug treatment alone. Importantly, the mean Cmax of lonafarnib achieved in patients dosed twice daily with 200 mg of lonafarnib is 4.4 Amol/L 6 and, therefore, the doses (lonafarnib beginning at 0.5 Amol/L) at which we observed synergistic enhancement of acetylated tubulin are within the Cmax. Furthermore, the effect of lonafarnib/paclitaxel on acetylated tubulin was observed in as little as 3 hours of drug treatment (Fig 4A) and preceded the synergistic increase in mitotic arrest (Figs. 3C and 4B ), suggesting that increased microtubule acetylation/stability is associated with aberrant mitotic arrest and cell death. Nevertheless, it remains unclear if lonafarnib/paclitaxel-induced microtubule acetylation only serves as marker for cell death or instead is the catalyst, and therefore studies are under way addressing this issue.
Mechanistically, we show that the synergistic increase in microtubule acetylation is due to the effect of the combination of lonafarnib and paclitaxel on HDAC6 (Fig. 5) . We propose that the enhanced tubulin acetylation we observe is due to the inhibition of HDAC6 function. We provide four lines of evidence to support this claim. First, we show that the combination of lonafarnib and paclitaxel inhibits HDAC6 tubulin deacetylating activity in vitro, whereas either drug alone had no effect (Fig 5A) . Second, we can reproduce the lonafarnib/paclitaxel-induced increase in tubulin acetylation by using tubacin, a specific HDAC6 inhibitor, in combination with paclitaxel (Fig. 5B ). This suggests that pharmacologic inhibition of HDAC6 in combination with paclitaxel synergistically increases tubulin acetylation. Third, cells expressing a catalytically inactive HDAC6 (HDAC6-mt) fail to show an increase in acetylated tubulin when lonafarnib and paclitaxel are combined (Fig. 5C ), suggesting that this drug combination requires functional HDAC6 to retain efficacy. Fourth, the robust cytotoxic synergy of lonafarnib and docetaxel is lost in these cells expressing mutant HDAC6, whereas potent synergy remains in their wild-type HDAC6 counterparts (Fig. 5D) . This observation provides evidence that the deacetylating activity of HDAC6 is required for the lonafarnib/taxane synergy, providing a mechanistic link between functional HDAC6, tubulin acetylation, and cell death. However, it is still unknown whether the effect of the lonafarnib/taxane combination on HDAC6 function is due to direct binding of these drugs to this enzyme or due to their effects on microtubule stability, which in turns alters the affinity of HDAC6 for the microtubule. We favor the latter scenario because either drug alone does not alter HDAC6 function, reducing the likelihood that these drugs bind HDAC6 directly.
Is there a biological link between FTase inhibition and microtubule acetylation? Because all FTIs tested to date synergize with paclitaxel, it is likely that they share a common mechanism of synergy related to FT inhibition. In Fig. 4A , we show that the increase in tubulin acetylation observed with the low dose lonafarnib/ paclitaxel combination correlates with FT inhibition. This result suggests that inhibition of FT may be biologically linked with enhanced tubulin acetylation. Currently, there are no reports of a link between the FTase enzyme and interphase microtubules. Preliminary data from our laboratory in 50 human cancer cell lines used in the National Cancer Institute Anticancer Drug Screen (http:// dtp.nci.nih.gov) have revealed that acetylated tubulin protein levels negatively correlated with FTase gene expression and protein levels (COMPARE analysis http://itbwork.nci.nih.gov/CompareServer/ CompareServer;).
7 Thus, it may be possible that proteins regulating microtubule stability are farnesylated by FTase; consequently, inhibition of FTase by lonafarnib may in turn affect microtubule stability. In fact, it is already known that the mitotic microtubuleassociated protein, CENP-E, is farnesylated and its association with microtubules during mitosis is altered in mitotic cells (27) . Thus, further investigation of a putative link between FTase and interphase microtubules is warranted.
Overall, our data show that treatment with lonafarnib alone causes microtubule bundling, increased microtubule acetylation and stabilization, and suppression of microtubule dynamics. This result is consistent with lonafarnib being a microtubule-stabilizing agent, in addition to its role as an FTI. Importantly, our data also show that functional HDAC6 is required for the synergy between lonafarnib and taxanes and suggest that there is a link between FTase and tubulin acetylation. As there are ongoing phase II and III trials testing the efficacy of this drug combination, elucidating the molecular mechanism(s) of synergy can provide insight into the design of future combination cancer therapies.
